Persons with Parkinson's disease (PD) are typically more susceptible than healthy adults to impaired performance when two tasks (dual task interference) are performed simultaneously. This limitation has by many experts been attributed to limitations in cognitive resources. Nearly all studies of dual task performance in PD employ walking or balance-based motor tasks, which are commonly impaired in PD. These tasks can be performed using a combination of one or two executive function tasks. The current study examined whether persons with PD would demonstrate greater dual task effects (DTEs) on cognition compared to healthy older adults (HOAs) during a concurrent cycling task. Participants with and without PD completed a battery of 12 cognitive tasks assessing visual and verbal processing in the following cognitive domains: speed of processing, controlled processing, working memory and executive function. Persons with PD exhibited impairments compared to healthy participants in select tasks (i.e., 0-back, 2-back and operation span). Further, both groups unexpectedly exhibited dual task facilitation of response times in visual tasks across cognitive domains, and improved verbal recall during an executive function task. Only one measure, 2-back, showed a speed-accuracy trade-off in the dual task. These results demonstrate that, when paired with a motor task in which they are not impaired, people with PD exhibit similar DTEs on cognitive tasks as HOAs, even when these task effects are facilitative. More generally, these findings demonstrate that pairing cognitive tasks with cycling may actually improve cognitive performance which may have therapeutic relevance to cognitive decline associated with aging and PD pathology.
Introduction
There is an extensive literature examining the effects of performing simultaneous cognitive and motor tasks in both healthy and pathological aging. This research consistently documents decrements in performance across one or both tasks under dual task conditions compared to baseline, single task conditions (see reviews in McDowd & Shaw, 2000; Verhaeghen, Steitz, Sliwinski, & Cerella, 2003) . Furthermore, relative to young adults, healthy older adults (HOAs) experience increased interference between cognitive and motor tasks, as evidenced by decreased accuracy and/or increased response times in cognitive tasks (e.g., Li, Lindenberger, Freund, & Baltes, 2001) , and these effects are exacerbated in adults with cognitive impairment (Al-Yahya et al., 2011; Holtzer, Burright, & Donovick, 2004) . Performance interference on one task by another simultaneously-performed task is broadly termed the dual task effect (DTE) or cognitive-motor interference in the specific case of concurrently performed cognitive and motor tasks (Al-Yahya et al., 2011; Woollacott & Shumway-Cook, 2002; Yogev-Seligmann, Hausdorff, & Giladi, 2008) . The most commonly used motor tasks in this literature are walking and postural control. The dominant hypothesis to account for DTEs specifies a capacity sharing model in which cognitive and motor tasks contend for limited attentional resources; thus, task performance in http://dx.doi.org/10.1016/j.bandc.2017.01.002 0278-2626/Ó 2017 Elsevier Inc. All rights reserved. one or both tasks suffers when the combined task demands surpass the amount of available resources (Pashler, 1994; YogevSeligmann et al., 2008) .
Persons with Parkinson's disease (PD) are known to experience greater DTEs than their healthy peers (e.g., Benecke, Rothwell, Dick, Day, & Marsden, 1986; Ho, Iansek, & Bradshaw, 2002) . The disease leads to early degenerative changes that occur not only in subcortical structures, such as the substantia nigra, but also in limbic structures that serve as channels for bidirectional information exchange between posterior temporal and parietal association cortices and prefrontal cortex (Alexander, DeLong, & Strick, 1986; Braak & Braak, 2000; Braak, Ghebrremedhin, Rub, Bratzke, & del Tredici, 2004) . Changes to these pathways may be responsible for early cognitive decline in PD (Cropley, Fujita, Innis, & Nathan, 2006; Zgaljardic et al., 2006) . In addition, subsequent degeneration resulting from the spread of Lewy body inclusions into prefrontal and posterior association areas (Braak & Braak, 2000; Braak et al., 2004 ) further impairs cortical function. As a result, cognitive impairment develops in 25-80% of persons with PD over the course of the disease (e.g., Aarsland, Andersen, Larsen, & Lolk, 2003; Cummings, Darkins, Mendez, & Hill, 1988) with deficits reported across a wide variety of cognitive domains, including speed of processing, working memory, and executive functioning. Moreover, deficits may be more severe within the visual domain (Cooper et al., 2009; Uc et al., 2005) .
The greater susceptibility of persons with PD to dual task interference effects has been demonstrated within the context of both cognitive-motor and motor-motor dual task paradigms (e.g., Benecke et al., 1986; Ho et al., 2002) . For instance, cognitivemotor dual task studies report exaggerated differences in motor performance (i.e., walking) between HOAs and those with PD when cognitive distracter tasks are cognitively-demanding (Yogev et al., 2005) . Similar findings have been reported for concurrent cognitive tasks (Kemps, Szmalec, Vandierendonck, & Crevits, 2005) . Considering the extent to which they have been documented within the literature, the exaggerated interference effects in dual task in persons with PD have been recognized as a defining feature of the disease (O'Shea et al., 2002) . With a few exceptions, studies have primarily focused on changes in motor performance in gait and postural stability tasks, when combined with a limited range of cognitive tasks, chosen largely to emphasize executive functions (Kelly, Eusterbrock, & Shumway-Cook, 2012; Woollacott & Shumway-Cook, 2002) . Since control of gait and postural stability are both impaired in PD, we reasoned that the endemic DTEs during these motor tasks may result primarily from the increased attention required for these tasks by people with PD. Cycling is largely preserved in persons with PD (Snijders & Bloem, 2010; Snijders, van Kesteren, & Bloem, 2011) ; thus, we postulated that dual task impairments in cognition might be minimized during cycling in people with PD compared to healthy adults. Further, very few studies have examined the effects of dual task cycling on simultaneous cognitive tasks in any population, a gap this study begins to address.
Cycling, in general, impacts performance differently than other motor tasks, like walking or postural stability, as evidenced by research within the acute exercise literature which reports improved performance in some cognitive abilities during a cycling motor task. Concurrent cycling has led to improvements in information processing, working memory and executive functions (e.g., Audiffren, Tomporowski, & Zagrodnik, 2008 Lambourne & Tomporowski, 2010; Lucas et al., 2012; Tomporowski, 2003) . Acute exercise methodology requires participants to exercise, usually cycling, walking or jogging, at a steady, moderate to high intensity as measured by heart rate, and to perform a secondary cognitive task either during the exercise or immediately afterward. Outcome measures focus on differences in cognitive performance between single and dual task conditions. In a meta-analysis of acute exercise studies, Lambourne and Tomporowski (2010) note that the choice of motor task influences performance on secondary cognitive tasks. In particular, enhancements in cognitive performance are consistently noted during and after a cycling task, while performance impairments are noted during treadmill walking with only slight improvements following the walking task. Differences in task demands may contribute to the differential effects of various motor tasks on secondary task completion. For instance, it has been suggested that cycling consumes a lower amount of attentional (e.g., Lambourne & Tomporowski, 2010) and postural control resources (e.g., YogevSeligmann, Giladi, Gruendlinger, & Hausdorff, 2013) than other motor tasks. The facilitative effects of cycling on cognition in healthy adults have been attributed to increased exerciseinduced arousal affecting functioning of prefrontal brain regions (e.g., Audiffren et al., 2008) . Thus, while some motor tasks may impair secondary cognitive task performance, others, such as cycling, may facilitate performance.
We have recently reported unexpected dual task benefits on cycling during a range of cognitive tasks in both HOAs and people with PD (Altmann et al., 2015) . In that study, participants performed a large battery of cognitive tasks while sitting in a quiet room or while pedaling a stationary bicycle. In the dual task, both groups pedaled significantly faster during the six (in the PD group) or seven (in the HOA group) easiest tasks, which tap speed of processing and controlled processing. Notably, cycling speeds during more difficult cognitive tasks were also, for the most part, somewhat faster than in the single task, and there were no significant dual task costs on cycling speed in either group. The cognitive scores reported in that publication include group level differences showing impaired performance of the PD group in both accuracy and response times in a variety of tasks. Only one task showed a significant dual task cost across both groups, accuracy on the 2-back task, and one task showed a significant dual task benefit across groups, response times on the digit symbol substitution task, although there were many marginal effects unreported in that paper. The current study presents data from the same study with a larger group of PD participants, many of whom had been excluded from the previous paper due to missing cycling data.
Purpose of the study
The purpose of the current study was to investigate the effects of performing a concurrent cycling task on cognitive performance in persons with PD compared to healthy controls. A second aim was to examine the effects of cycling on cognitive performance across a wider range of cognitive tasks than has been previously reported. As such, we systematically assessed performance across a broad range of cognitive domains including processing speed, controlled processing, working memory and executive functioning. Finally, cognitive tasks from both visual and verbal modalities were assessed to examine possible modality specific differences in DTEs between groups, since people with PD have been reported to experience particular difficulty with visual tasks (Cooper et al., 2009; Uc et al., 2005) . The study purposefully chose to compare cognition in the PD group to a group of HOAs, since it has been reported that people with PD have cognitive impairments relative to age-matched peers (Aarsland et al., 2003; Dirnberger & Jahanshahi, 2013; Taylor & Saint-Cyr, 1995) . We hypothesized that the PD group would have poorer performance than HOAs in most tasks. More specifically, considering previous findings of greater visual-spatial than verbal impairments in PD (Cooper et al., 2009; Uc et al., 2005) , we predicted that group differences in performance would be disproportionately found in visual-spatial tasks. Further, based on our previous findings (Altmann et al., 2015) , we predicted that any dual task benefits experienced by the HOA group would be reduced in the PD group.
Material and methods

Participants
Thirty-nine individuals with Parkinson's disease (PD) and 21 healthy older adults (HOAs) participated in this study. There was a significant age difference between groups such that HOAs (M = 72.86, SD = 8.95) were significantly older than Parkinson's participants (M = 66.23, SD = 8.54), t(1,58) = 2.82, p = 0.007. There was, however, no significant difference in years of education between HOAs (M = 18.10, SD = 2.98) and persons with PD (M = 17.41, SD = 4.01), t(1,58) = 0.685, p = 0.495. Participant demographics by group are displayed in Table 1 . Persons with PD were recruited from the Center for Movement Disorders and Neurorestoration at the University of Florida, in Gainesville, Florida. Healthy older adults were recruited from the Speech, Language, and Hearing Sciences participant pool at the University of Florida, through contact lists provided by the Department of Applied Physiology and Kinesiology, and through word of mouth. All participants signed an Informed Consent approved by the University's Institutional Review Board and were provided with monetary compensation in exchange for their participation.
Inclusion criteria for Parkinson's participants included the following: (1) A clinical diagnosis of idiopathic PD using the UK Brain Bank criteria made by a neurologist specializing in Movement Disorders; (2) a modified Hoehn and Yahr scale score between 1 and 3 in the ''on" medication state (Hoehn & Yahr, 1967) ; (3) A stable regimen of antiparkinsonian and psychotropic medications for 30 days prior to participation; and (4) age between 30 and 80 years. Exclusion criteria included the following: (1) evidence of secondary or atypical parkinsonism as suggested by the presence of any of the following: (a) history of stroke(s), (b) significant exposure to toxins or neuroleptics, (c) history of encephalitis, (d) neurological signs of upper motor neuron disease, cerebellar involvement, supranuclear gaze palsy, or significant orthostatic hypotension, (e) MRI scan with significant evidence of brain atrophy or other abnormalities (e.g., lacunar infarcts or iron deposits in the putamen); (2) significant cognitive impairment (e.g., MiniMental State Exam; MMSE score < 25) (Folstein, Folstein, & McHugh, 1975) or major psychiatric disorder (e.g., major depression, generalized anxiety) that would cause difficulty in study participation; (3) Presence of significant motor fluctuations (i.e., unpredictable/painful/severe ''on" and ''off" fluctuations); (4) history of significant falls (i.e., a score of >1 in the fall item of the UPDRS Part II); (5) taking moderate to high doses of betablockers with a resting heart rate below 60/beats per min; or (6) taking cognition altering drugs (i.e., cognition-enhancing or cognition-impairing) (e.g., donepezil, rivastigmine, galantamine and benztropine).
Inclusion criteria for HOAs included the following: (1) neurologically healthy (e.g., MMSE > 24); and (2) between the ages of 30-80 years. Exclusion criteria were as follows: (1) presence of major psychiatric disorder (e.g., major depression, generalized anxiety) that would cause difficulty in study participation; (2) history of significant falls; (3) taking cognition altering drugs (i.e., cognition-enhancing or cognition-impairing medications). All participants had normal or corrected to normal vision.
In addition to those measures utilized for initial screening criteria, persons with PD were administered the revised Unified Parkinson's Disease Rating Scale (UPDRS; Goetz et al., 2008) as a measure of disease severity and the Schwab and England Activities of Daily Living Scale (Schwab & England, 1969) as a measure of the ability of individuals with PD to cope with everyday tasks. Furthermore, all participants were administered the Dementia Rating Scale-2 (DRS-2; Mattis, Jurica, & Leitten, 2001) as an additional measure of cognitive impairment. Scores on these measures by group are also displayed in the demographics summary in Table 1 .
Apparatus
During single task testing, the experiment was conducted using a Dell Latitude E6510 series laptop with a 15.6 in. widescreen display and a 1280 Â 800 resolution. Tasks were run using MediaLab version 2006.2.40 (Jarvis, 2006a) software running DirectRT software version 2006.2.0.28 (Jarvis, 2006b ). During the dual task, cognitive tasks were projected from the laptop onto a back-lit projection screen located within four meters of the participant who was seated on a stationary cycle.
Cognitive tasks
All participants were administered the same twelve cognitive tasks during single and dual task sessions. As cognitive tasks varied in their degree of difficulty, tasks were administered in the same order in both sessions. Simpler tasks were interspersed among difficult tasks in order to avoid possible cognitive fatigue. For a breakdown of dependent variables by cognitive task see Table 2 (see also  Table 2 , Altmann et al., 2015) .
Cognitive tasks measured the domains of basic processing speed, controlled processing, working memory and executive function (Colcombe & Kramer, 2003) . For all tasks response times were measured from the onset of the stimulus, which was centered in the middle of the screen, until a voice response was made, and stimuli remained visible until a response was detected. Tasks had 20 trials unless otherwise specified. In all tasks except the digit span tasks, stimuli were randomly presented. Participants saw different lists of stimuli in the single and dual task conditions. Three tasks assessed basic processing speed. During a speed of articulation task, participants repeated the syllable ''pa" as many times as possible in 10 s. The dependent variable for this task was number of times the participant said ''pa" within the given time-frame. A simple visual attention task required that participants verbally respond ''GO" every time a large blue star appeared on the screen. The star appeared centered on a white background at variable inter-stimulus intervals. Mean response time across trials was the dependent variable. An adapted version of the digit symbol substitution test (Wechsler, 1958 ) also assessed processing speed. In this visual search/speed of processing task, participants saw an array of nine symbols (i.e., letters of the Korean alphabet) at the top of the screen paired with the digits 1 through 9. Participants said the number from the array which corresponded to the symbol shown (Hansch et al., 1982; Lezak, Howieson, Loring, Hannay, & Fischer, 2004) . Arrays varied across trials. The dependent variable of interest was mean response time across trials. Controlled Processing was assessed using three tasks; Stroop colors, a Stroop color-word task (both verbal tasks) and a visual 0-back task. During the Stroop colors task (Lezak et al., 2004; Spreen & Strauss, 1998 ) a set of four bolded Xs appeared on a black screen in a red, blue, or green font. Participants named the color of the font. During the Stroop color-word task (Lezak et al., 2004; Spreen & Strauss, 1998) , a series of color words displayed in incongruent color fonts appeared on a black screen (e.g., the word RED presented in green font). Participants named the color font in which the word appeared. The dependent variable of interest for both Stroop tasks was response time. A visual 0-back task (Braver et al., 1997) provided a measure of controlled processing within the visual domain. In this task, participants viewed a continuous series of tic-tac-toe figures one at a time on the screen. Participants said ''yes" if the current figure matched a pre-specified target figure and ''no" if it did not match the target stimulus. There were a total of 40 trials of which 25% were critical ''yes" trials. The dependent variable was mean response time for critical trials. See Fig. 1 for an example of stimuli for the 0-, 1-and 2-back tasks (the latter 2 tasks are described below).
There were four tasks employed to assess working memory. Digit Span Forward (DSF) and Digit Span Backward (DSB) tasks (Wechsler, 1987) were both completed as measures of verbal memory. During these tasks, participants repeated increasingly long lists of digits in verbatim or reverse order, respectively. Stimuli for these tasks were presented orally, while stimuli for all other tasks were presented on the screen. There were two lists at each of seven levels for a maximum score of 14 in each task, and the task was terminated when a participant erred on both trials at a level. The dependent measure of interest for each task was total number of correct lists recalled. Visual memory was assessed using visual 1-back and 2-back tasks (Braver et al., 1997) . During the 1-back, participants saw a continuous series of tic-tac-toe figures one at a time on a screen. Participants said ''yes" if the current figure matched the one shown immediately before it, and ''no" if it did not match the previous stimulus. There were a total of 40 trials of which 25% were critical ''yes" trials. The dependent variable of interest was mean response time for correct, critical trials. During the 2-back task, much like the 1-back, participants saw a continuous series of figures one at a time on the screen. Participants said ''yes" if the current figure matched the figure shown 2 screens prior, and ''no" if it did not match the target stimulus. There were a total of 40 trials of which 25% were critical ''yes" trials. The dependent variables of interest were mean proportion of mean response time for correct, critical trials.
Executive function was measured via two tasks; a verbal operation span task, and a novel visual memory updating task. In the operation span task (Conway et al., 2005) , participants repeated aloud six letters shown on the screen for 6000 ms, then verified 0-4 single-step arithmetic solutions as a distracter task (e.g., 3 + 2 = 5 for a ''yes" response and 3 + 1 = 2 for a ''no" response). Following the distracter arithmetic problems, participants were prompted to recall the letters. There were four trials at each distracter length. The dependent variable was the mean number of letters recalled in sequence. Executive function in the visual domain was assessed via a novel visual memory updating task based on those described in Fougnie and Marois (2006) . Participants saw a series of 1-4 tic-tac-toe stimuli presented individually for 500 ms each, followed by an array showing the same number of stimuli in a row on the screen. Participants verified (i.e., with ''yes" or ''no" responses) whether the array matched the stimuli just presented in the same order. There were four trials at each array length for a total of 16 trials; half with ''yes" answers. The 1-figure condition was excluded from analysis due to its similarity with the 1-back task. As this was a novel task and the most appropriate, relevant dependent variable is yet undetermined, the dependent variables were the total proportion of correct responses and response times for correct trials. 
Cycling task
To obtain single task cycling rates, participants were told to peddle at a comfortable pace for 2 min before beginning the dual task testing. During the dual task session, participants performed the cognitive tasks while simultaneously pedaling on a stationary bicycle located approximately four meters from a projection screen. Participants were instructed to cycle at a comfortable, self-paced cadence during the tasks but not to cycle between tasks, while the experimenter was explaining task instructions or during practice items. After instructing participants to begin pedaling at the start of a given task, no additional instructions were provided regarding cycling. Participants rested between tasks as needed, and heart rates were monitored at all times. The cycling task provided minimal resistance to cycling movement. Cycling rate was captured using a 10-camera motion capture system (Vicon Motion Capture System, Los Angeles, CA).
General procedure
In an attempt to control for practice effects associated with task demands, each participant was randomly assigned to complete either the single task session first followed by the dual task or vice versa. Single and dual task sessions were completed within seven days of the other. Single task sessions were conducted in a quiet room with participants seated at a desk in front of a laptop screen. Dual task sessions were completed with participants simultaneously pedaling a stationary cycle while completing the cognitive tasks under the conditions described above. In order to collect voice responses, participants wore a wireless headset microphone during both single and dual task sessions. The microphone recording sensitivity was calibrated for each participant individually prior to commencement of testing. All responses were recorded by the computer for later scoring. Responses were scored for accuracy and/or response times as indicated above by trained research assistants using Audacity 1.2.6 (Mazzoni, 2006 ).
Data analysis
Response times for correct responses only were analyzed. Prior to computation of mean response times, for each task, z-scores were computed for each participant. Individual trial responses that fell 3 standard deviations above or below a participant's mean for a given task were excluded from further analysis (less than 5% of data). Based on group affiliation, z-scores were also calculated for mean participant scores (i.e., response times and/or accuracy) for each task. Participants whose mean scores fell above or below 3.5 SDs of their participant group for a given task were also excluded from further analysis for that specific task (less than 2 participants per task).
Statistical analyses
A 2 Â 2 repeated measures ANOVA was performed for each cognitive task separately for accuracy and/or response time dependent variables. Session was a within-subject variable (i.e., single, dual) and group a between subject variable (i.e., PD, HOA). Statistical significance was set at a critical a 6 0.05, and comparisons with p < 0.07 are reported as showing a trend toward significance. Explorations of significant interactions were adjusted for multiple comparisons using Bonferroni correction. All statistical analyses were conducted using IBM SPSS Statistics for Windows 21 version 21.0 (Armonk, NY: IBM Corp). Group performance effects by task are displayed in Table 2 .
Results
Processing speed
The analysis of speed of articulation revealed that neither the main effect of dual task nor interaction between dual task and group reached significance. Similarly, the simple visual attention task analyses revealed no significant effects. Analysis of response times for the digit symbol substitution task indicated a main effect of dual task, F(1,58) = 14.45, p = 0.001, g p 2 = 0.20, such that participants responded faster in the dual task (M = 2371, SD = 527) than during the single task session (M = 2694, SD = 677). The main effect of group and interaction were not significant.
Controlled processing
Response times for the Stroop colors task evidenced no significant effects. Similarly, response times for the Stroop color-word test did not reveal any significant results for group, dual task or interaction. Response times for the 0-back indicated a significant main effect of dual task, F(1, 56) = 5.00, p = 0.03, g p 2 = 0.08, such that participants exhibited faster response times during the dual task (M = 581, SD = 93) than during the single task session (M = 624, SD = 13). Analysis also revealed a significant main effect of group, F(1, 56) = 3.96, p = 0.05, g p 2 = 0.07. Healthy older adults (M = 564, SD = 88) responded more quickly than PD participants (M = 616, SD = 101). The interaction effect was not significant.
Working memory
Analyses of Digit Span Forward and Digit Span Backward tasks revealed no significant effects for either task. Regarding the 1-back, analysis of response times also yielded non-significant effects. Accuracy on the 1-back was at or near ceiling, so no analyses are reported. Analyses of the 2-back accuracy on critical trials revealed a significant effect of dual task, F(1, 52) = 6.77, p = 0.012, g p 2 = 0.12. Participants were more accurate in the 2-back in the single task condition (M = 85.85, SD = 14.95) than they were in the dual task condition (M = 78.78, SD = 14.47). There was no significant effect of group or interaction. Concerning 2-back response times for critical trials, there was a significant main effect of dual task, F(1, 52) = 11.11, p = 0.002, g p 2 = 0.18, such that participants responded more quickly during the dual task (M = 953, SD = 347) than the single task (M = 1201, SD = 605). Furthermore, there was a significant main effect of group, F(1, 52) = 5.24, p = 0.026, g p 2 = 0.09, such that HOAs (M = 892, SD = 226) were significantly faster than persons with PD (M = 1145, SD = 460). The interaction effect was not significant.
Executive function
Concerning recall rates for the verbal executive function task, operation span, there was a significant main effect of dual task, F 
Cycling task
Cycling data for a subset of the participants in the current study has been reported in Altmann et al. (2015) . Due to task demands (e.g., participants requiring spotting) cycling data was missing for occasional tasks, so there was complete cycling data from only 29 persons with PD. To summarize those findings, Altmann and colleagues reported that HOAs cycled faster than persons with PD, but both groups showed similar patterns in DTEs across tasks. Specifically, cycling speeds during six tasks (speed of articulation, simple visual attention, 0-back, Stroop colors, Stroop color-word, and 1-back) were significantly faster than single task, baseline cycling speeds for both groups. In fact, cycling speeds were fastest during the easiest tasks and declined as the cognitive tasks increased in difficulty, revealing a significant inverse relationship between cognitive task difficulty and motor performance during dual tasks. However, cycling speed never fell significantly below baseline cycling speeds even during the most difficult working memory and executive function tasks.
Discussion
The current dual task study examined the effects of concurrent cycling on cognitive performance in persons with PD compared to HOAs across an array of tasks varying in difficulty and domain (i.e., visual vs. verbal) . The results demonstrated that participants with PD performed more poorly than healthy adults on some tasks even though those adults were significantly older. These group differences were confined to a few select tasks which tapped both working memory and executive functions. Both groups, however, demonstrated dual task benefits on performance which were almost exclusively limited to timed tasks within the visual domain. Unexpectedly, participants with PD experienced dual task benefits of similar magnitude as HOAs in these same tasks. There were no significant interaction effects between group and session across any of the cognitive tasks. These findings are discussed separately below.
Group differences in cognitive performance
Considering that the PD group was significantly younger than the HOA participants, it is somewhat surprising that differences between groups were found on any cognitive tasks. Increased age is associated with declines in cognitive performance, with agerelated declines consistently documented in various domains such as working memory, cognitive speed and executive functioning (e.g., Salthouse, 2009; Van Hooren et al., 2007; Verhaeghen & Salthouse, 1997) . Furthermore, differences in cognitive function have been documented between healthy adult groups in their 60s and 70s (e.g., Van Hooren et al., 2007) . Therefore, age-related cognitive decline associated with the older age of our HOA group could have masked even greater declines in the PD group than those reported here. Persons with PD have well documented deficits in speed of processing, working memory and executive functioning (e.g., Cooper et al., 2009; Uc et al., 2005) ; thus, the current findings emphasize the severity of cognitive impairment in some domains. Consistent with our expectations, the PD group performed more poorly than HOAs in the 0-back (controlled processing) and 2-back (working memory) tasks as evidenced by slower response times. Furthermore, persons with PD exhibited worse recall on the operation span (executive function) task than HOAs. Two of these effects can be attributed to task difficulty as the 2-back and operation span tasks were among the most difficult tasks in the battery. Moreover, a strong trend toward poorer performance by persons with PD in the accuracy of the visual memory updating task (executive function), which also ranks among the most difficult tasks, was noted. These tasks all involve elements of both working memory and executive function. For instance, each new trial of the 2-back requires encoding a new figure into memory, comparison to the stored contents of memory, and then switching to the next item and updating the current items in working memory. The operation span requires maintenance of items in memory while performing a distracting task, and thus, qualifies as a divided attention task. The visual memory updating task requires updating the sequence of figures to be recalled with each additional item, and then comparison to an array of figures that differ only in sequence or in the position of dots on one figure. Updating, comparing, switching, and divided attention tasks all require executive function (Suchy, 2009 ). Thus, these findings are consistent with previous reports that people with PD tend to be impaired in both working memory and executive function (Dirnberger & Jahanshahi, 2013; Taylor & Saint-Cyr, 1995) . However, there were also group differences in the 0-back task, which is a relatively easy task requiring comparison of the current stimulus to a stored representation in memory. Notably, all of these tasks require mainte-nance of an item or items in memory during distracting conditions, which may be the underlying deficit, especially since in three of these tasks, stimuli to be recalled were purposefully not verbally encodable. In support of this, there was no significant group difference on the 1-back, which did not require retrieving information from memory, only comparison to a representation in the shortterm visual memory of the visual sketchpad (Baddeley, 2003) .
While we expected group differences to emerge in both verbal and visual tasks, we anticipated disproportionate impairment in visual tasks in persons with PD, as it has been documented that patients present with greater deficits in the visual domain (Cooper et al., 2009; Uc et al., 2005) . This hypothesis was somewhat supported, as significant deficits were noted in the visual 0-back and 2-back tasks, and there was a trend in the visual memory updating task, but there were deficits in only one verbal task (i.e., operation span). Two possible explanations for the disparity are that: the neural systems underlying visual processing are affected earlier in the time course of the disease than those underlying verbal processing, or impairments affect both systems simultaneously but the verbal system has more interconnectivity due to its central role in organizing, analyzing and planning behavior, and so is more resilient to decline in the face of damage than the visual system. However, it is clear that, even if visual processing deficits are influencing performance on some tasks (e.g., the 0-back), task requirements and difficulty play a critical, over-arching role in determining the performance of the PD group.
The relative lack of differences in performance between PD participants and healthy controls can be explained by a number of group features. First, Dementia Rating Scale (DRS-2; Mattis et al., 2001 ) scores were well within normal limits for both groups, and the PD patients did not significantly differ from healthy controls on the DRS-2, suggesting little to no cognitive impairment in the PD group. Additionally, education levels of both groups were extremely high, with mean years of education at 17.35 and 18.73 for the Parkinson's and control groups respectively, indicating that a majority of both groups attended some graduate school. Additionally, as this study was part of a larger exercise intervention, the PD group had to be willing to participate in a 5 month long exercise study, a requirement that may have selected for only the most aware, cognitively intact individuals. Finally, the healthy control group was significantly older than the patient group. Thus, group differences would likely have been more apparent if the control group were more similarly matched in age to the patient group. However, despite these group characteristics and differences, it is notable that there were still some cognitive differences between groups.
Cycling effects on cognitive performance
The results of the dual task analyses here are more consistent with the acute exercise literature rather than traditional dual task research. Both Parkinson's participants and healthy controls exhibited dual task facilitation during select cognitive tasks rather than decrements in performance. There was dual task improvement in accuracy rates of only one task, the operation span (executive function), which impacted both groups. Furthermore, both groups exhibited faster response times during dual task cycling compared to the single task in tasks that span the four cognitive domains assessed: digit symbol substitution (processing speed), 0-back (controlled processing), 2-back (working memory), and visual memory updating (executive function). Importantly, excluding the 2-back task which declined in accuracy, facilitative effects on response times were not associated with declines in accuracy or in cycling speed relative to single task performance. Indeed, participants maintained or increased their cycling speed during these cognitive tasks compared to single task cycling speed (Altmann et al., 2015) . It is notable that the majority of the facilitative effects are in response times rather than accuracy. This is consistent with the findings of McMorris, Sproule, Turner, and Hale (2011) who, in a meta-analysis of the effects of acute exercise on cognition, reported that speed rather than accuracy accounted for most of the effect on cognition. Facilitation of response times may have relevant clinical implications as patients with PD often exhibit cognitive slowing (i.e., bradyphrenia) (Park & Stacy, 2009) . While bradyphrenia may partially respond to dopaminergic therapies, these therapies may also have detrimental effects on cognition (e.g., Park & Stacy, 2009 ). Thus, while it is unknown if the facilitative effects on response time noted here may translate into longterm benefits, cycling could be investigated as an intervention for improved information processing in this patient population.
Interestingly, although the results better reflect acute exercise findings of improvement than dual task interference, we did not find improvements in tasks in which prior literature has documented cycling facilitation, such as the Stroop (e.g., Hogervorst, Riedel, Jeukendrup, & Jolles, 1996; Lucas et al., 2012) and simple reaction time (e.g., Davranche, Burle, Audiffren, & Hasbroucq, 2006; Hogervorst et al., 1996) tasks, suggesting that effects across these tasks may be dependent on task administration. Furthermore, facilitative cycling effects noted here were in tasks (i.e., 0-back, 2-back, and visual-working memory) that, to our knowledge, have not been implemented in previous acute exercise cycling studies. Given these findings, it is important to note differences between our cycling task and those typical of the acute exercise literature. Our participants were instructed to cycle at a self-selected and comfortable pace, so rate was controlled by the participant, while acute exercise studies have implemented either a steadystate (constant) or increasing intensity methodology in which motor performance was carefully regulated to maintain a target measure of physiological arousal (e.g., percent of maximum volume of oxygen uptake, for reviews See Tomporowski, 2003 and Lambourne & Tomporowski, 2010) . Thus, while performance in both cognitive and motor domains were allowed to vary in the current study, as with traditional dual task research, only cognitive performance is typically allowed to vary in traditional acute exercise studies. Further, our cycling paradigm assessed cognitive performance during short bouts of cycling (no task lasting longer than approximately 5 min) while acute exercise studies often assess performance during and following much longer bouts of exercise. Additionally, Lambourne and Tomporowski (2010) note in their meta-analytic review that cognitive test performance generally declines during the initial 10 min of exercise and subsequent 10 min interval. In contrast, we noted a trend toward dual task facilitation in the visual working memory task, which was the first task to be administered to participants, as well as in subsequent tasks spaced throughout the battery. Taken together, differences between the acute exercise and our methodology suggest that a different facilitative mechanism may underlie our cycling DTEs than those noted in previous literature.
Other than the improvement in accuracy in the operation span task, facilitation effects were confined to visual tasks. Any kind of dual task improvement in cognition is particularly puzzling, especially considering that there were no dual task declines in cycling performance relative to baseline. Indeed, as previously reported in Altmann et al. (2015) , cycling speed improved the most in the easiest tasks and percent improvement in cycling speed declined as cognitive task difficulty increased, that is, the amount of facilitation of cycling speed was directly related to the difficulty of the cognitive task. Consequently, during the cognitive tasks that improved, participants cycled equivalently or faster than baseline, but never showed a significant dual task cost on cycling. To explain dual task benefits on cycling, Altmann et al. (2015) suggested the Arousal and Attentional Demands (AAD) model. This model specifies that in cognitive-motor dual tasks there is both an increase in physiological state arousal associated with the motor task (Audiffren, 2009; Lambourne & Tomporowski, 2010) , and cognitive arousal associated with the perceived difficulty of the cognitive tasks (Horvitz, 2000; Puglisi-Allegra & Ventura, 2012) . This arousal increases attentional resources that can be applied to either or both of the concurrent tasks. When the amount of increased attentional resources matches the demands of the concurrent tasks, baseline single task performance is maintained in both tasks. When participants overestimate the difficulty of the task, more attentional resources are allocated and performance improves in one or both tasks, leading to dual task benefits. Only when the amount of attentional resources is less than required to perform the two tasks, due to limitations in resources or underestimation of the difficulty of the two tasks, does performance suffer. Based on this reasoning, one possible explanation for the improved response times in visual tasks is that participants over-estimated the difficulty of these tasks, leading to greater cognitive arousal (Horvitz, 2000; Puglisi-Allegra & Ventura, 2012) , so that there were enough attentional resources to facilitate both response times on cognitive tasks and increase cycling speed. A similar argument can be made for the more challenging verbal operation span task, during which facilitation was limited to task accuracy, while response times and cycling speed did not differ from single task levels. The over-estimation of difficulty in the visual tasks likely arose because these were novel tasks with novel stimuli (Korean letters and the tic-tac-toe figures), which are more likely to induce cognitive arousal (Horvitz, 2000) . In contrast, it may have been easier to estimate the difficulty of the verbal tasks, as the Stroop and Digit Spans are very common neuropsychological tests which the PD group would have experienced as part of their clinical assessments, and the HOA group, most of whom had participated in at least one study previous to this, would have encountered in a research setting.
An alternative to this explanation is that the visual tasks were easier overall than the verbal tasks. If it were the case that increased arousal levels in the dual task increased processing resources, the verbal tasks may have been difficult enough to nullify the facilitative effects, while performance on the easier visual tasks benefited from the arousal effects. This account, however, would not explain the improvement in operation span accuracy, or the lack of findings in the easiest of visual tasks (e.g., simple visual attention).
Limitations and future directions
A potential limitation of this study is that PD participants were only tested in the ''on medication" state. Thus, future studies including a measure of performance in the ''off-medication" state would provide greater insight into the effects of cycling on cognition in PD. Furthermore, this study included PD participants that were mildly to moderately impaired by the disease pathology with little to no evidence of cognitive impairment. Consequently, it remains unknown how a cycling task may affect cognitive performance in persons with greater levels of motor and cognitive impairment. Given that both patient and control groups displayed facilitative effects largely limited to visual tasks, future research may further examine the possible differential effects of cycling on visual and verbal tasks. Finally, our participants cycled at a self-selected pace while a fixed cycling speed is implemented in the majority of the acute exercise literature. Thus, future studies could compare the effects of fixed and self-paced cycling speeds on cognitive performance in both healthy and patient populations.
Conclusion
In summary, we documented differences in performance between PD and control groups in select tasks assessing controlled processing, working memory and executive functioning in the absence of cognitive impairment in our persons with PD. We conclude that non-demented participants with PD display similar facilitative effects of a cycling dual task on cognition as healthy controls. However, although they performed more poorly on some tasks, the participants with PD did not show greater DTEs than healthy adults. Rather, both groups improved their performance, particularly their response times, on an array of cognitive tasks tapping visual processing, and also improved recall in a complex executive function task requiring working memory while cycling. These findings are not consistent with most dual task studies; however, they are somewhat consistent with the acute exercise literature which has documented facilitative effects of cycling on cognition, although important differences in methodology and findings suggest that a different or additional mechanism may underlie these results.
